IRF-4,8 are two specialized members of the interferon regulatory factor (IRF) family that have been implicated in regulating immunoglobulin (Ig) light-chain gene transcription during B-lymphocyte development (Pongubala et al. 1992; Eisenbeis et al. 1995; Shaffer et al. 1997; Brass et al. 1999; Muljo and Schlissel 2002). They are more highly related to one another than to other IRFs and are selectively expressed in the lymphoid and myeloid lineages of the immune system (for review, see Taniguchi et al. 2001 ). IRF-4,8 bind very weakly to DNA-containing IRF sites, but are recruited to their binding sites via interactions with other transcription factors. In particular, the related Ets family transcription factors PU.1 and Spi-B have been shown to recruit IRF-4 or IRF-8 to Ets-IRF composite elements (EICE) in Ig 3Ј and enhancers (Pongubala et al. 1992; Eisenbeis et al. 1995; Brass et al. 1999; Escalante et al. 2002) . These heterodimeric protein complexes have been implicated in the control of Ig light-chain gene transcription. PU.1 is required for early B-cell development and Spi-B is important for B-cell activation (Scott et al. 1994; Su et al. 1997) . It remains to be determined whether PU.1/Spi-B regulate Ig light-chain gene expression during the pre-B-to-B transition. IRF-4 −/− mutant mice exhibit profound defects in B-and T-cell activation that are manifested in the failure to mount antibody, cytotoxic, or antitumor responses (Mittrucker et al. 1997; Rengarajan et al. 2002) . IRF-8 −/− mutant mice are impaired in macrophage development, highly susceptible to viral infections, and manifest a chronic myelogenous leukemia-like syndrome (Holtschke et al. 1996) . Loss of either IRF-4 or IRF-8 does not block the generation of B lymphocytes. Given their structural relatedness and similar molecular properties, we sought to examine whether they function redundantly to regulate Ig lightchain gene expression and the pre-B-to-B transition. (Fig. 1A) . Strikingly, the double mutant mice lacked sIgM + peripheral B lymphocytes (Fig. 1B) . In contrast, splenic T lymphocytes, (CD4 + or CD8 + ) were present in the double mutant mice, albeit with reduced numbers (Fig. 1C) . We note that loss of IRF-4 and IRF-8 does not impair T-cell development in the thymus (data not shown). We next examined B-cell generation in the bone marrow. Immature IgM + B cells were absent in the 8 −/− bone marrow (Fig. 1D ). These results establish that the combined loss of IRF-4,8 causes a lineage-specific block to B-cell development. It should be noted that as is the case for IRF-8 −/− mice, there was an increase in the numbers of myeloid cells -4,8 −/− bone marrow ( Fig. 2A) was also reflected in a substantial increase in their absolute numbers. Wildtype bone marrow was found to contain 0.07 ± 0.01 × 10 6 fraction C cells. In contrast, the 8 −/− bone marrow contained 0.32 ± 0.14 × 10 6 fraction C cells, representing a four-to fivefold increase. The pre-B compartment was analyzed on the basis of CD19 and CD43 expression. The mutant cells were uniformly CD19 + , and a majority had down-regulated CD43 expression (Fig. 2B) . This cell-surface phenotype is consistent with a block at the pre-B stage. The hallmark of a pre-B cell is the productive rearrangement of the IgH locus resulting in the expression of µ protein, most of which is retained in the endoplas- 
IRF-4,8 are two specialized members of the interferon regulatory factor (IRF) family that have been implicated in regulating immunoglobulin (Ig) light-chain gene transcription during B-lymphocyte development (Pongubala et al. 1992; Eisenbeis et al. 1995; Shaffer et al. 1997; Brass et al. 1999; Muljo and Schlissel 2002) . They are more highly related to one another than to other IRFs and are selectively expressed in the lymphoid and myeloid lineages of the immune system (for review, see Taniguchi et al. 2001) . IRF-4,8 bind very weakly to DNA-containing IRF sites, but are recruited to their binding sites via interactions with other transcription factors. In particular, the related Ets family transcription factors PU.1 and Spi-B have been shown to recruit IRF-4 or IRF-8 to Ets-IRF composite elements (EICE) in Ig 3Ј and enhancers (Pongubala et al. 1992; Eisenbeis et al. 1995; Brass et al. 1999; Escalante et al. 2002) . These heterodimeric protein complexes have been implicated in the control of Ig light-chain gene transcription. PU.1 is required for early B-cell development and Spi-B is important for B-cell activation (Scott et al. 1994; Su et al. 1997) . It remains to be determined whether PU.1/Spi-B regulate Ig light-chain gene expression during the pre-B-to-B transition. −/− mutant mice exhibit profound defects in B-and T-cell activation that are manifested in the failure to mount antibody, cytotoxic, or antitumor responses (Mittrucker et al. 1997; Rengarajan et al. 2002) . −/− mutant mice are impaired in macrophage development, highly susceptible to viral infections, and manifest a chronic myelogenous leukemia-like syndrome (Holtschke et al. 1996) . Loss of either IRF-4 or IRF-8 does not block the generation of B lymphocytes. Given their structural relatedness and similar molecular properties, we sought to examine whether they function redundantly to regulate Ig lightchain gene expression and the pre-B-to-B transition. (Fig. 1A) . Strikingly, the double mutant mice lacked sIgM + peripheral B lymphocytes (Fig. 1B) . In contrast, splenic T lymphocytes, (CD4 + or CD8 + ) were present in the double mutant mice, albeit with reduced numbers (Fig. 1C) . We note that loss of IRF-4 and IRF-8 does not impair T-cell development in the thymus (data not shown). We next examined B-cell generation in the bone marrow. Immature IgM + B cells were absent in the 8 −/− bone marrow (Fig. 1D ). These results establish that the combined loss of IRF-4,8 causes a lineage-specific block to B-cell development. It should be noted that as is the case for IRF-8 −/− mice, there was an increase in the numbers of myeloid cells (Mac-1 + , Gr-1 + ) in the bone marrow and spleen of 8 −/− mice (data not shown). B-lineage intermediates are characterized on the basis of sequential DNA rearrangements of Ig loci as well as the expression of specific cell-surface markers (for review, see Hardy and Hayakawa 2001) . The pro-B compartment can be analyzed using a combination of anti-B220, CD43, HSA, and BP-1 antibodies (Hardy et al. 1991) . 8 −/− B-lineage cells progressed up to the stage delineated by the coexpression of B220, CD43, BP-1, and HSA ( Fig. 2A) . The levels of HSA expression on the mutant B220 + , CD43 + , BP-1 + , B-lineage cells were particularly high, suggesting that they represent transitional pre-B cells, which are a subset of fraction C cells in the nomenclature of Hardy et al. (1991) . The disproportionate increase in the percentage fraction C cells in the 8 −/− bone marrow ( Fig. 2A) was also reflected in a substantial increase in their absolute numbers. Wildtype bone marrow was found to contain 0.07 ± 0.01 × 10 6 fraction C cells. In contrast, the 8 −/− bone marrow contained 0.32 ± 0.14 × 10 6 fraction C cells, representing a four-to fivefold increase. The pre-B compartment was analyzed on the basis of CD19 and CD43 expression. The mutant cells were uniformly CD19 + , and a majority had down-regulated CD43 expression (Fig. 2B ). This cell-surface phenotype is consistent with a block at the pre-B stage. The hallmark of a pre-B cell is the productive rearrangement of the IgH locus resulting in the expression of µ protein, most of which is retained in the endoplas- The µ chain in pre-B cells associates with surrogate light chains 5 and VpreB along with the signaling subunits Ig␣ and ␤ to form the pre-BCR, which signals survival and cell expansion. Down-regulation of the pre-BCR has been linked to exit from the cell cycle and the induction of Ig light-chain (IgL) gene rearrangement (for review, see Melchers et al. 2000; Burrows et al. 2002) . We examined the cell cycle status of the 8 −/− cells by analyzing genomic DNA content with 7-AAD and also by measuring intracellular levels of the proliferation associated antigen Ki-67. In contrast to their wild-type counterparts, a much larger fraction of the mutant pre-B cells (32%) were in the S and G2/M phases of the cell cycle (Fig. 3A) . Consistent with this result, the vast majority of mutant pre-B cells expressed Ki-67 (Fig. 3B) . Thus, loss of IRF-4,8 appears to result in a failure of pre-B cells to exit the cell cycle. Because cycling of pre-B cells is dependent on signaling from the pre-BCR, we examined its expression in the mutant cells using an antibody that recognizes the assembled receptor. Intriguingly, pre-BCR complexes were seen to be expressed at higher levels on the surface of both freshly isolated (Fig. 3C , top) as well as cultured pre-B cells (Fig. 3C, bottom) . This observation strongly suggests that the mutant pre-B cells fail to down-regulate pre-BCR in the absence of IRF-4,8, thereby remaining in a proliferative state. Cycling pre-B cells can also be enumerated by a colony-forming assay using semisolid medium containing IL-7. In wild-type bone marrow, pre-B CFU were detected at a frequency of 30 ± 18/10 5 cells. In contrast, 8 −/− bone marrow was found to have an eightfold increase in pre-B CFU (240 ± 118/10 5 cells). This observation is consistent with the conclusion that loss of IRF-4,8 results in accumulation of cycling pre-B cells in the bone marrow. Interestingly, some of these mutant pre-B cells may exit the bone marrow as they were also detected using the pre-B CFU assay in periph- eral lymphoid organs such as the spleen and lymph nodes (data not shown).
Results and Discussion

IRF-4,8 −/− pre-B cells are impaired for light-chain gene transcription and rearrangement
Recent evidence suggests that down-regulation of the pre-BCR may be initiated by the inhibition of surrogate light-chain gene expression . We therefore examined the expression levels of the 5 and VpreB genes in CD19 + ,CD43
− IRF-4,8 −/− pre-B cells. These two genes were expressed at approximately fivefold higher levels in the mutant pre-B cells than in their wild-type counterparts (Fig. 4A) . Importantly, expression of the mb-1 and B29 genes that encode the Ig ␣ and ␤ subunits of the pre-BCR was unaffected by the loss of IRF-4,8. These results suggest that the increased levels of the pre-BCR in the 8 −/− cells is due to a specific failure to inhibit surrogate light-chain gene expression. It remains to be determined whether IRF-4,8 directly repress the transcription of the 5 and VpreB genes. In striking contrast, germ line as well as rearranged transcripts from the conventional Ig light-chain loci ( and ) were barely detectable in the mutant cells, reduced at least 25-fold when compared with their levels in wild-type pre-B cells. In addition to defects in IgL-chain gene transcription, the 8 −/− pre-B cells evidenced a profound block in DNA rearrangements at these loci (Fig. 4B) .
Ig light-chain gene transcription and recombination are dependent on the activity of several enhancer elements (Hagman et al. 1990; Gorman et al. 1996; Xu et al. 1996; Inlay et al. 2002) . The locus has two distinct enhancers (Ei and E3Ј), whereas the locus has two duplicated enhancers (E2-4, E3-1). Experiments performed with B-lineage cell lines have shown that IRF-4 or IRF-8 coassemble with the ets family transcription factors PU.1 or Spi-B to regulate the activity of Ig 3Ј and enhancers (Pongubala et al. 1992; Eisenbeis et al. 1995; Brass et al. 1999 ). We used chromatin cross-linking and immunoprecipitation assays with bone marrow derived pre-B cells to determine whether PU.1 and IRF-4 are bound to the 3Ј and enhancers in vivo (Fig.  4C) (Fig. 4C, bottom) . This site is not a composite element (DeKoter et al. 2002) and, therefore, PU.1 binding to it in vivo is not perturbed by the absence of IRF-4,8. We suggest that loss of IRF-4,8 results in a severe impairment in the functioning of the 3Ј and enhancers in vivo. This is consistent with defects in Ig germ line and transcription in 8 −/− pre-B cells, as they have been shown to depend on E3Ј and enhancers, respectively (Brass et al. 1999; Inlay et al. 2002; Muljo and Schlissel 2003) .
A model for transcriptional control of the pre-B-to-B transition
The strong block to Ig locus rearrangement observed in 8 −/− pre-B cells cannot be simply accounted for by inactivity of the 3Ј enhancer. It has been established that endogenous rearrangement can be mediated by either the intron or 3Ј enhancer (Gorman et al. 1996; Xu et al. 1996; Inlay et al. 2002) . We note that the intron enhancer does not contain an Ets-IRF composite element that can be recognized by PU.1/Spi-B and IRF-4/8 complexes. Ig DNA rearrangement is also dependent on the proliferative state of pre-B, as Rag-1,2 gene expression and Rag-2 protein stability are cell-cycle regulated (for review, see Desiderio et al. 1996) . The mutant pre-B cells express fivefold lower levels of Rag-1 transcripts (Fig. 4A) . Therefore, we suggest that the profound block to Ig light-chain gene rearrangements in the mutant pre-B cells is due to defects in enhancer activity as well as the inability to exit the cell cycle, and therefore induce Rag gene and protein expression. These results lead us to propose a regulatory model for the pre-B-to-B transition in which IRF-4,8 appear to function as a genetic switch (Fig. 5) hancer-dependent light-chain transcription and recombination, thereby enabling pre-B-cell differentiation.
Signaling by the pre-BCR appears to regulate survival, proliferation, and possibly differentiation of pre-B cells (for review, see Melchers et al. 2000; Muljo and Schlissel 2000; Burrows et al. 2002) . Knock-out mutations in components of the pre-BCR such as µ heavy chain, 5 and Ig ␤ result in inhibition of the pro-B to pre-B transition (Kitamura et al. 1991 (Kitamura et al. , 1992 Gong and Nussenzweig 1996) . A similar developmental block is observed with mutations in genes encoding the signaling molecules Syk and PI3K, which are required for pre-BCR-dependent survival and proliferation (Cheng et al. 1995; Turner et al. 1995; Fruman et al. 1999) . Recently, the adapter molecule BLNK (SLP65) has been implicated in regulating the pre B-to-B transition (Jumaa et al. 1999; Flemming et al. 2003) . BLNK −/− pre-B cells show enhanced proliferation capacity in culture and express high levels of pre-BCR. We note that 8 −/− pre-B cells express wildtype levels of BLNK (data not shown). These results raise an intriguing possibility that IRF-4,8 could function as nuclear effectors of a pre-BCR-initiated signaling pathway, modulated by BLNK, that feeds back to limit pre-B-cell expansion and induces differentiation. −/− mice. All mice were used at 4-6 wk of age and were maintained in a pathogen-free facility.
Materials and methods
Generation
Antibodies and flow cytometry
Flow cytometry analysis was performed on single-cell suspensions washed in Dulbecco's PBS containing 5 mM EDTA and 0.5% BSA (Roche). Cells were stained with fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-, allophycocyanin (APC)-conjugated or biotin-conjugated antibodies. In the latter case, streptavidin (SA)-PE-Cy7 was used as a secondary reagent. Anti-mouse monoclonal antibodies were purchased from Pharmingen unless otherwise indicated and used according to supplier's recommendation. The antibodies used included RA3-6B2(B220); S7(CD43); 1D3(CD19); M1/69(HSA); 6C3(BP-1); RB6-8C5-biotin (Gr-1); M1/70-biotin (Mac-1); Ter119-biotin; II/41-Biotin (IgM); 145-2C11-biotin (CD3); SL-156-biotin (pre-BCR); anti-Ki-67; anti-IgM-RPE (Southern Biotechnology Associates, Inc). FACS analysis was performed using the FACS Calibur flow cytometer.
Intracellular staining and cell-cycle analysis with 7-AAD
Intracellular staining was performed as described by Medina et al. (2001) . Bone marrow pro-B/pre-B cells were enriched by negative selection using biotinylated anti-Gr-1, Mac-1, Ter119, CD3, and IgM antibodies, strepavidin-conjugated magnetic beads and MACS columns (Militenyi Biotec). The enriched cells were incubated with anti-CD19(APC), CD43(PE) antibodies and fixed in 1% paraformaldehyde at 4°C overnight. After permeabilization with 70% ethanol for 40 min at −20°C, the cells were incubated either with anti-Ki-67(FITC) or anti-IgM(FITC) for 30 min on ice, and then analyzed by FACS. For cell-cycle analysis, the enriched pro-B/pre-B cells were incubated with anti-CD19(FITC) and CD43(PE) antibodies prior to fixation. Cells were stained with 7-AAD (Pharmingen) and analyzed by FACS.
Pre-B-cell cultures B220
+ cells were isolated from bone marrow using a MACS separation column and were cultured in IL-7 (R&D Systems) at 5 ng/mL for 5-10 d in OptiMEM (GIBCO-BRL) medium supplemented with 5% FCS, 50 µM ␤-mercaptoethanol, 2 mM L-glutamine, and 100 U/mL penicillin-streptomycin. Cultures contained >95% µ + pre-B cells.
Pre-B-cell colony formation assay
Freshly isolated bone marrow, lymph node, and spleen cells were mixed with Methocult M3630 medium (StemCell Technologies) in a 1:10 (v/v) ratio. Cells (5 × 10 4 ) were dispensed in triplicate into a 6-well plate. Colonies were scored after 7 d of growth at 37°C.
Analysis of transcription and Ig light-chain gene recombination in pre-B cells
After lineage depletion (see above), bone marrow-derived pre-B cells (CD19 + ,CD43 − ,IgM − ) were isolated using a MoFlo cell sorter. Total RNA and DNA were isolated using Trizol reagent (GIBCO-BRL). RNA was reverse transcribed using a first-strand cDNA synthesis kit (Amersham Biosciences) . PCR primers used to analyze B-lineage gene expression and Ig light-chain gene rearrangement have been described previously (Sun and Storb 2001; DeKoter et al. 2002; Inlay et al. 2002; Wang et al. 2002) . Serial dilutions of cDNA or genomic DNA were used for the PCR reactions. DNA rearrangement PCR reactions were analyzed by Southern blotting after agarose gel electorphoresis. The same FACS analysis was performed using pre-B cells that were expanded in culture using IL-7. For each panel, the pre-BCR quadrant was set using an isotype control. Figure 3C , were cross-linked with formaldehyde, and then chromatin fragments were immunoprecipitated using anti-IRF-4 or anti-PU.1 antibodies. Rabbit IgG antibodies were used as a control. Indicated DNA fragments were amplified by PCR. Input represents an equivalent amount of cross-linked chromatin not subjected to immunoprecipitation.
